Long-lasting alternative splicing of neuronal acetylcholinesterase (AChE) pre-mRNA occurs during neuronal development and following stress, altering synaptic properties. To explore the corresponding molecular events, we sought to identify mRNAs encoding for abundant splicing factors in the prefrontal cortex (PFC) following stress. Here we show elevated levels of the splicing factor SC35 in stressed as compared with naïve mice. In cotransfections of COS-1 and HEK293 cells with an AChE minigene allowing 3 0 splice variations, SC35 facilitated a shift from the primary AChE-S to the stress-induced AChE-R variant, while ASF/SF2 caused the opposite effect. Transfection with chimeric constructs comprising of SC35 and ASF/SF2 RRM/RS domains identified the SC35 RRM as responsible for AChE mRNA's alternative splicing. In poststress PFC neurons, increased SC35 mRNA and protein levels coincided with selective increase in AChE-R mRNA. In the developing mouse embryo, cortical progenitor cells in the ventricular zone displayed transient SC35 elevation concomitant with dominance of AChE-R over AChE-S mRNA. Finally, transgenic mice overexpressing human AChE-R, but not those overexpressing AChE-S, showed significant elevation in neuronal SC35 levels, suggesting a reciprocal reinforcement process. Together, these findings point to an interactive relationship of SC35 with cholinergic signals in the long-lasting consequences of stress on nervous system plasticity and development. Molecular Psychiatry (2005) 10, 985-997.
Long-lasting changes in alternative splicing in the nervous system 1,2 are associated with disease, 3 aging and trauma, 4 as well as with cortical neurogenesis. 5 In rats, both adult and prenatal stress reduce learning performance, 6 suggesting, among other possibilities, parallel stress-induced changes in alternative splicing. However, the molecular mechanisms leading to such changes are still largely obscure. Missplicing events are particularly prominent in human diseases. [7] [8] [9] For example, impaired splicing patterns of the glutamate transporter gene EAAT2 is associated with sporadic amyotrophic lateral sclerosis (ALS). 10 Changes in nitric oxide synthase (NOS) mRNA splicing was also reported in reactive astrocytes in the same disease. 11 This suggests plausible involvement of components of the basic splicing machinery, such as SR protein splicing factors, in ALS and other splicing-associated diseases.
Both stress and neurogenesis involve extended overexpression phases of AChE-R, the stress-associated splice variant of the acetylcholine hydrolyzing enzyme, acetylcholinesterase (AChE). 12, 13 The stressand development-associated modulations in AChE gene expression involve facilitated transcription, altered promoter usage, modified splicing patterns of the 3 0 variants of the AChE pre-mRNA, and increased stability of the normally rare and unstable AChE-R mRNA transcript. 12, 14 This renders AChE premRNA processing an appropriate model system for exploring the involvement of alternative splicing modulations in the delayed effects of acute stress in the adult and developing brain.
Splicing alterations likely involve changes in members of the serine-arginine (SR) rich proteins, implicated in alternative splicing and splice site selection. 15 SR proteins comprise of a structurally and functionally related family, involved in multiple steps of both constitutive and alternative splicing. SR proteins, like other eukaryotic proteins binding single-stranded RNA, include one or more copies of an RNA-binding domain of about 90 amino acids, known as RNA recognition motif (RRM). 16 The RRM structure consists of four strands and two helices arranged in an alpha/beta sandwich, with a third helix present during RNA binding in some cases. 17 Also, characteristic of SR proteins are modular structures with a conserved C-terminal arginine/ serine-rich domain (RS domain) that interacts with components of the basic splicing machinery. 15 The RRMs recognize weakly conserved RNA sequences, identified as either exonic or intronic splicing enhancers (ESE/ISE) or suppressors (ESS/ ISS). 18 In vivo, the fine-tuned balance between SRproteins, heterogeneous nuclear ribonucleic protein particles (hnRNPs), splice sites and enhancer/silencer elements is likely to be subject to modulations leading to changes in the exon usage of pre-mRNA. The levels of both SR-proteins and hnRNPs vary among tissues 19 and can be further modulated by protein phosphorylation, leading to their release from intranuclear storage compartments, such as the speckle domains at the nuclear internal boundaries. 20, 21 Tissue-specific factors, especially in the nervous system, also modify these levels. 3 Among the major SR proteins, ASF/SF2 contributes to 5 0 splice site selection, through protein-protein interactions involving the RS domain, 22 whereas SC35 is required for formation of the earliest ATPdependent splicing complex with the U1 and U2 snRNPs and the pre-mRNA. SC35 also interacts, via its RS domain, with spliceosomal components bound to both the 5 0 and 3 0 splice sites during spliceosome assembly. This forms a bridge between the 5 0 and 3 0 splice site binding components, U1 snRNP and U2AF. Identifying splicing-related proteins involved in mammalian psychological stress-responses may not only shed light on the molecular mechanism of AChE involvement in stress, but may have an imperative impact on the understanding of gene expression patterns in CNS pathologies in general including chronic stress, post-traumatic stress disorder (PTSD) and other neurodegenerative disorders. Additionally, the levels of various neuromodulators are modified following stress in the prefrontal cortex (PFC), one of the major areas involved in mammalian stress responses. 23 Examples include serotonin, 24 dopamine, 25 acetylcholine 26 and glutamate. 27 Functional implications of such changes involve, for example, impairment of spatial working memory. 28 Therefore, we predicted that changes in the expression of SRrelated proteins within the PFC might be a means to adapt to the new situation.
Here, we identified significant and long-lasting overexpression of the splicing factor SC35 weeks after stress. In cotransfection experiments with SC35 and an AChE minigene, SC35 shifted alternative splicing towards the stress-associated variant, AChE-R mRNA. The relationship between SC35 and AChE-R was further demonstrated in the mouse brain after stress and during embryonic development. To our knowledge, this is the first report of the involvement of a splicing factor in mammalian stress responses.
Materials and methods

Adult animals
Naïve FVB/N mice were kept at a 12 h dark/12 h light diurnal schedule and watered/fed ad libitum. Stress and corticosterone experiments included two 4-min daily swim sessions or a daily intraperitoneal (i.p.) injection (10 mg/kg) of corticosterone (Sigma, Saint Louis, MO, USA) or saline for 4 consecutive days. Mice were killed 2 weeks thereafter, and brains were dissected on ice and frozen in liquid nitrogen. Blood was collected either from the orbital sinus under halothane (Rhodia, Bristol, UK) anesthesia using an EDTA-containing capillary, or, upon decapitation, directly from the aorta into EDTA-containing centrifuge tubes. Corticosterone levels were determined by radioimmunoassay (Coat-A-Count, DPC, Los Angeles, CA, USA) in plasma separated by slow centrifugation (500 g, 30 min, 41C).
Embryos CD1 mice were kept at a 12 h dark/12 h light diurnal schedule and watered/fed ad libitum. Females were mated by housing with a male mouse overnight and examined the next morning for the presence of vaginal plugs to indicate conception, which was designated embryonic day (E) 0. Embryos at E11, 13 and 15 were collected for this study. At 3 min prior to killing, pregnant dams were deeply anesthetized by an intramuscular injection of a ketamine (50 mg/kg) and xylazine (10 mg/kg) mixture. Embryos were quickly removed from the dams by hysterectomy, transferred to ice cold phosphate-buffered saline (PBS), and the embryonic sac was removed. Embryonic age was verified by measuring crown-rump length (CRL), and only embryos that exhibited close to average CRL values were employed. The embryos were decapitated and whole heads were immersed in 4% paraformaldehyde in PBS for 48 h at 41C, dehydrated in alcohol and embedded in paraffin. Coronal 4 mm sections through the developing somatosensory cortex were collected by adhesion to Superfrost s -Plus slides (Menzel-Glaser, Braunschweig, Germany). Cells COS-1 or human embryonic kidney (HEK) 293 cells were grown in six-well plates in a humidified atmosphere in Dulbecco's modified Eagle's medium (DMEM, Biological Industries) supplemented with 10% fetal calf serum (FCS) and 2 mM L-glutamine at 371C, 5% CO 2 . DNA transfections were carried out using Lipofectamine-Plus (Gibco BRL Life Technologies, Bethesda, MD, USA) with 1 mg plasmid DNA per well as instructed. At 24 h post-transfections, cells were harvested with RNA-Later reagent (Ambion, Austin, TX, USA) and RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden, Germany) and diluted to 100 ng/ml.
Real-time RT-PCR
LightCycler (Roche Diagnostics, Basel, Switzerland) equipped with dedicated software (ver. 3.5) was used to amplify 200 ng samples of RNA template (SYBR Green I RNA amplification kit, Roche). Primers (Sigma, Jerusalem, Israel) used in this study are shown in Table 1 . In all experiments, values were normalized to actin mRNA, which remained unchanged. Samples that displayed deviated levels of actin mRNA by 1.5 or more were discarded.
In situ hybridization Paraffin-embedded horizontal whole-brain sections of stressed and control mice were used, essentially as described. 13 Synthetic 2 0 -O-methyl 5 0 -biotin-labeled RNA probe (Microsynth, Balgach, Switzerland) for SC35 was as described. 29 For ASF/SF2, the probe 5 0 -TGCGACUCCUGCUGUUGCUUCUGCUACGGCUUCU GCUACGACUACGGCUU-3 0 was designed using Oligo software (Molecular Biology Insights, Cascade, CO, USA). Streptavidin-fluorescein conjugate diluted 1 : 100, an anti-AP converter and Fast Red substrate (all from Roche Diagnostics), were used for detection. Paraffin-embedded sections of embryonic brains were similarly processed, applying streptavidin-Cy5 conjugate for detection of biotinylated probes directed to AChE-R mRNA, and antidigoxygenin-Cy3 conjugate for detection of digoxygenin-labeled probes directed to AChE-S mRNA (Jackson ImmunoResearch Laboratories, Cambridgeshire, UK).
Immunohistochemistry
Paraffin sections were deparaffinized with xylene, rehydrated in graded ethanol solutions and DDW, and incubated for 5 min in PBS. For antigen retrieval, slides were heated in a microwave oven at maximal power (850 W, 10 min) in 500 ml of 0.01 M citric buffer, pH 6.0, cooled for 5 min, and rinsed with PBS. Sections were incubated with anti-SC35 (Sigma; diluted to 1 : 50 in PBS with 0.5% Tween-20, 1.5 h, room temp.). Following a rinse with PBS and incubation with biotinylated anti-mouse IgG (Vector Laboratories, Burlingame, CA, USA; diluted 1 : 200 in PBS with 0.5% Tween-20, 1 h, room temp.), sections were rinsed with PBS and incubated with avidinbound peroxidase complex (ABC Elite kit, Vector Laboratories, 1 h, room temp.) or Cy3-conjugated streptavidin (Jackson Immunoresearch). After rinsing with 0.05 M Tris pH 7.6, the peroxidase was reacted for 90 s with 0.05% diaminobenzidine (Sigma) supplemented with 0.05% nickel ammonium sulfate and 0.006% H 2 O 2 in 0.05 M Tris pH 7.6 for color intensification. The color reaction was terminated by rinsing with PBS, sections were dehydrated in ascending concentrations of alcohol, cleared in xylene and covered with Eukitt (Calibrated Instruments, Hawthorne, NY, USA). Standard curves were produced for each primer set using four different dilutions (two-, four-, eight-or 16-fold) of template RNA or cDNA as described.
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Structural modeling
The RRM domains of SC35 and ASF/SF2 were modeled using SWISS-MODEL 30 and were superimposed using Deep View spdbv 3.7.
Results
Long-lasting cooverexpression of SC35 and AChE following stress To search for splicing factors that might mediate stress-induced changes in neuronal long-lasting alternative splicing, we subjected FVB/N mice to 4 consecutive days of repeated swim sessions (2 Â 4 min) and killed them 2 weeks later. 13 Orbital sinus blood of stressed mice served to quantify corticosterone levels following the second swim session as compared with naïve, nonstressed mice. Plasma corticosterone levels rose by ca. five-fold following stress (from 50713 to 259753 ng/ml, Po0.05, two-tailed Student's t-test, Figure 1a) , and receded to close to normal levels (76725, P40.1) 2 weeks later. In comparison, we subjected mice to repeated corticosterone (i.p., 10 mg/kg) or saline injections. Plasma corticosterone rose by ca. four-and two-fold and receded to normal levels 2 weeks later (Figure 1a ), demonstrating the peripherally transient nature of both these hormone and stress effects.
Using RNA extracted from the PFC of poststress as compared to hormone-treated or naïve brains, we tested the expression level of several abundant SRrelated transcripts. Real-time RT-PCR quantification involved SRp20, SRp30c, SRp40, SRp55, p54, 9G8, ASF/SF2 and SC35, as well as hnRNP A1, the U5-100 kDa and the 32 kDa subunit of SF2, SF2p32. Most of the splicing factors tested did not display any longlasting stress-induced expression difference ( Figure  1b ). Exceptions were SC35 and U5-100 kDa, both of which displayed significant sustained overexpression (Po0.05, Kruskal-Wallis test, Figure 1b ). In addition, 9G8 showed a slight, nonsignificant downregulation, and p54 and SF2p32 displayed nonsignificant upregulation. Neither saline nor corticosterone induced such changes in PFC mRNAs (Figure 1b) , suggesting that the observed changes reflected a genuine longlasting stress response.
To test whether the stress-associated increases in SC35 mRNA levels would occur in cultured cells as well, we subjected COS-1 and HEK-293 cells to a variety of different stressors: UV (germicidal 254-nm UV lamp, 2 J/m 2 /s, 30 s), H 2 O 2 (500 mM), sorbitol (600 mM), dexamethasone (10 mM) and cortisol (10 mM). Cells were harvested 6 h following treatments, total mRNA was extracted and subjected to real-time RT-PCR analyses using primers for SC35 and b-actin. No change was found in the mRNA levels for SC35 in all of the different treatments (Figure 1c ).
SC35 shifts AChE's alternative splicing towards AChE-R in transfected cells
The long-lasting association between AChE-R and SC35 poststress increases could be either direct or Figure 1 Prefrontal cortex following repeated organismal stress display long-term SC35 overexpression. (a) Plasma corticosterone levels in control (ct, n ¼ 4), saline-injected (sal, n ¼ 3), corticosterone-injected (cor, n ¼ 4) and stressed mice (4 left columns, n ¼ 4) and 2 weeks later (2w, right columns). (b) mRNA expression levels for a selection of splicing-related factors using real-time RT-PCR on RNA extracted from mouse prefrontal cortex 2 weeks following repeated stress (stress, n ¼ 4) or 2 weeks following repeated corticosterone injections (corticosterone, n ¼ 4). b-Actin (left, n ¼ 4) was used as control. (c) SC35 mRNA expression level following different cellular stressors in HEK293 (left, n ¼ 8) and COS-1 (right, n ¼ 8) cells. When animals were used, the given value is an average of at least three different measurements7standard deviations from three or more different animals. Asterisks note statistically significant differences from control (Po0.05, Kruskal-Wallis test). To distinguish between these possibilities, we scanned the AChE pre-mRNA sequence for ESE and ISE. To focus on potentially relevant sequences, we selected only those that were present in both the human and mouse ACHE genes. Selected sequences include motifs for the splicing factors SC35, ASF/SF2 and SRp20 in the 3 0 alternative splicing-prone region of both human and mouse pre-mRNAs (Figure 2a ). These can potentially serve both as ESEs or ESS. The SC35 and SRp20 motifs are found within the intron between exons 5 and 6, whereas the ASF/SF2 motif appears in exon 6.
To test for causal relationships, we examined the influence of SC35, ASF/SF2 and SRp20 on the splicing pattern of an ACHE-minigene construct, offering two 3 0 splice options 31 ( Figure 2b ). SC35, ASF/SF2 or SRp20 were cotransfected with the ACHE-minigene into COS-1 or HEK293 cells, both of which possess low levels of endogenous AChE activity. 32 The CMV promoter was reported to generate primarily 'readthrough' transcripts, for example, when inserted in front of the EDI minigene. 33 Compatible with this tendency, when the CMV-ACHE minigene was cotransfected together with an insertfree plasmid or a GFP plasmid, much of the mRNA that was generated was of the readthrough form, AChE-R. Cotransfections with SC35 further elevated AChE-R mRNA levels in a dose-dependent manner, reflecting avoidance of the splice site between E4 and I4. Parallel slightly reduced AChE-S mRNA levels indicated suppressed efficacy of the splicing event linking E4 with E6. Together, this induced a change of over five-fold in the R/S ratio (Figure 2c, d , Po0.05, Kruskal-Wallis test). In contrast, cotransfections with ASF/SF2 shifted splicing towards the AChE-S form, however, in a much more variable manner. Finally, cotransfection of the ACHE minigene with the SR protein SRp20 showed no apparent change in the AChE-R/AChE-S splicing ratio (Figure 2 ). There was no detectable contribution of unprocessed RNA to our measured AChE-R levels, since both reactions with no RT, and cell lines that produce only AChE-S yielded Figure 3 below and data not shown).
SC35 is composed of a single N-terminal RRM and a single C-terminal RS domain, whereas ASF/SF2 includes two RRMs and a single RS domain ( Figure  3a) . In principle, the splice shift promoted by SC35 could be directly due to the RRM. Alternatively, indirect interactions of the RS domain with other proteins could be the cause. In addition, excess SC35 could compete with the splice site selection effects of ASF/SF2. 34, 35 To study the effect of specific SC35 and ASF/SF2 elements on the endogenous AChE mRNA splicing of host cells, we conducted single transfection experiments with different constructs carrying various combinations of the RRM and RS domains of SC35 and ASF/SF2 (Figure 3a) . AChE-R mRNA is undetectable in control cells; therefore, we measured AChE-S mRNA.
When SC35 was transfected alone (construct I), when ASF/SF2 and SC35 were fused (construct II), or when a construct composed of SC35 RRM and ASF/ SF2 RS domains (construct III) was transfected, AChE-S mRNA was reduced (Figure 3b ). However, cotransfections where the two RRMs of ASF/SF2 were present without the RRM of SC35 (Figure 3b , constructs IV-VI) induced AChE-S mRNA elevation (Po0.05 for constructs I, II, IV and V; Po0.07 for constructs III and VI, Kruskal-Wallis test). As SC35 exerts a stronger influence on AChE's splicing pattern, this finding is compatible with the assumption that the SC35 RRM was the cause. This also suggests that in the presence of the SC35 RRM, the opposing ASF/SF2 effect on AChE splicing is minor. A comparison of the mouse SC35 RRM with ASF/SF2 RRM1 (Figure 3c) shows strong (B50%) sequence similarity, but the calculated pIs for these domains are significantly different, being 8.3 and 4.7 respectively. Even when both ASF/SF2 RRMs are taken into account, their pI together only reaches 7.7. In addition to the differences in the sequences themselves, pI differences may also account for distinct regulatory activity of each splicing factor. Thus, SC35, with a positively charged RRM, promoted the 'readthrough' option of 3 0 AChE splicing.
Elevated SC35 mRNA and nuclear SC35 accumulation in poststress prefrontal cortical neurons The poststress RT-PCR analyses pointed at SC35 increases as potentially associated with the longlasting changes in neuronal mRNA splice patterns. This predicted direct interaction between neuronal SC35 expression and the 3 0 splicing events forming AChE-R mRNA (Figure 4a) . 13 In addition, previous tests in our laboratory demonstrated association of the primary AChE-S mRNA transcript with ASF/SF2. 36 Therefore, we explored possible association of neuronal SC35 and ASF/SF2 with AChE alternative splicing in vivo. Using in situ hybridization on paraffin-embedded brain sections, we observed similarly intense ASF/SF2 labeling throughout the deep layers of the PFC in both naïve (left) and poststress (right) brain (Figure 4b ). SC35 mRNA, however, appeared to be relatively scarce in the naïve brain. In contrast, part of the deep layer neurons became SC35 mRNA-positive in the poststress brain ( Figure  4c ). Immunohistochemical staining revealed corresponding stress-induced increases in nuclear SC35 accumulation at the protein level, within neuronenriched cell layers (Figure 4d ).
In parallel, we studied the AChE splice variants in the PFC. Similar to what we previously observed in the hippocampus, 13 AChE-S mRNA maintained constant levels (Figure 4e ), while neuronal AChE-R mRNA was virtually undetectable in the naïve state, but became pronounced in the poststress brain (Figure 4f ). Hematoxylin-eosin staining and neuronal cell counts suggested that large fractions of the deeplayer neurons were positive for ASF/SF2 (Figure 4g , h) as well as for AChE-S mRNAs (1473 and 12.573 cells per 100 mm 2 , Figure 4b and e, respectively). Similar fractions of the PFC neurons further expressed elevated SC35 and splice-shifted AChE-R , respectively), with parallel increases at the SC35 protein level (Figure 4i ). Together, this suggests a stress-induced change from AChE-S mRNA, characteristic of the naïve brain to an SC35-AChE-R mRNA association in the poststress PFC.
Transient SC35 overexpression coincides with AChE-R/AChE-S dominance in the developing brain Maternal stress during pregnancy was reported to cause long-lasting deleterious effects in the offspring, 6 suggesting that stress affects brain development. Also, we have recently shown that neuronal progenitor cells express both AChE-S and AChE-R, which exert distinct effects on cortical development. 37 To explore the possibility that SC35-AChE interactions are involved, the developing mouse cortex was subjected to comparative in situ hybridization and immunohistochemistry analyses.
Excitatory neurons in the cerebral neocortex emerge from a pseudostratified neuroepithelium in the ventricular zone (VZ) that lines the ventricular cavity of the developing cerebral wall. 38 The postmitotic neurons that are generated migrate away from the VZ to reach the outer surface of the cortical wall and subsequently differentiate in the developing cortical ) and stressed (st) tissues. Fluorescent measurements were as described. 13 Asterisks note significant differences (Po0.005, two-talied Student's t-test. Values represent counts from at least 40 cells from at least three different animals). (Figure 5a ). In the murine embryonic brain, immunohistochemistry demonstrated labeling of the SC35 protein primarily in round nuclei of cells adjacent to the ventricular lumen, where DNA replication occurs, that is, during mitosis of the neuroepithelial cells (Figure 5b) . At the onset of neurogenesis (E11), the AChE-R and AChE-S mRNA variants colocalized, intensively expressed in the cytoplasm of the majority of neuroepithelial cells born in the VZ, as shown by in situ hybridization (Figure 5c ). At E13, AChE-S mRNA labeling exhibited a significant decrease (Po0.01, two-tailed Student's ttest), while AChE-R mRNA labeling remained relatively unchanged, yielding an elevated AChE-R/ AChE-S ratio. The AChE-R transcript decreased later, at E15 (Po0.001), becoming coleveled again with AChE-S. The number of SC35 expressing cells increased by 31% at E13 but declined back by 57% at E15 (Figure 5d ). At this time period, AChE-S mRNA expression levels were downregulated with the advance of neurogenesis, to 59 and 46% of the level at E11. The reduction in AChE-R mRNA was more abrupt, down to 95% at E13 and 37% at E15 (Figure 5d ), suggesting causal association in this modified AChE-R/AChE-S ratio of the splicing factor SC35 and its target AChE pre-mRNA during neurogenesis.
SC35 in long-term stress responses
SC35 overexpression in AChE-R transgenic mice SC35 exerts an autoregulatory, alternative splicing mediated, control over its own mRNA levels. 39 The long-term SC35 overexpression following stress therefore raised the question whether changes in cholinergic neurotransmission, such as those occurring under long-term stress reactions, may modify the SC35 level maintained by this mode of control. To challenge this hypothesis, we explored SC35 expression in transgenic animals constitutively overexpressing neuronal AChE-S or AChE-R. Mice overexpressing the synaptic human AChE-S (TgS mice) show accelerated stress-related pathology and neuromuscular malfunctions, 12, 40 whereas AChE-Rexpressing mice (TgR) display normal neuromuscular function and their brains are relatively protected from the stress-associated hallmarks of pathology.
12 SC35 immunohistochemistry was carried out on 10-mmthick paraffin-embedded coronal sections (Figure 6a (Figure 6e ) mice, and fluorescence intensity in the labeled nuclei was measured in the motor and prefrontal cortices. In the stress-prone TgS mice, the population distribution of neuronal SC35 levels was comparable to that of strain-matched FVB/N controls (wt). In contrast, in the stress-protected TgR mice, larger fractions of cortical neurons presented high 41 Our present findings add the SR protein SC35, as a key causal element in the maintenance and splicing decisions of neuronal AChE mRNA levels.
The ex vivo capacity of SC35 to affect the splicing pattern of AChE was demonstrated in this study in transfected COS-1 and HEK293 cells. Both are easily amenable to transfection and possess extremely low levels of endogenous AChE, which allowed simple interpretation of the results. Our findings that SC35 and AChE-R mRNA levels appear to be directly interrelated in the stressed adult brain, the developing mouse brain and the brain of TgR transgenic mice support the theory that SC35 influences AChE SC35 in long-term stress responses E Meshorer et al pre-mRNA splicing in the same manner in neurons, and that AChE-R excess reciprocally elevates neuronal SC35 levels.
Comparison, using real-time RT-PCR, of AChE mRNA levels in the PFC of naïve, saline-and corticosterone-injected or psychologically stressed mice showed that stress, but not repeated injections of saline or corticosterone, induced long-lasting changes in neuronal SC35 expression. Thus, the initial activation of the HPA axis appears insufficient to turn on and maintain the long-term stress-induced changes in neuronal SC35 expression. That cortisol or dexamethasone treatment failed to induce SC35 overexpression in cultured cells supports this notion. SC35 was, however, markedly overexpressed in the stressed brain for at least 2 weeks and shifted, in cultured cells, the alternative splicing of the ACHE mini-gene towards AChE-R mRNA. Correspondingly, expression of SC35 at the mitotic phase of progenitor cells paralleled a transient dominance of AChE-R over AChE-S expression during murine cortical development. As SC35 expression declined, the AChE-R dominance faded, further suggesting a relationship between the two. Reciprocally, transgenic AChE-R dominance in adult mice induced chronic neuronal SC35 elevation, indicating a reinforcement mechanism whereby SC35 supports overproduction of AChE-R and vice versa.
Splicing-related proteins in general, and SC35 in particular, may play a central role in mammalian stress responses. By controlling and modifying the expression patterns of stress-related proteins as an adaptation strategy, they can modify relevant transcripts from their usually expressed forms to specially adapted ones. 4 The PFC long-lasting overexpression of SC35 in close association to that of AChE-R is consistent with this hypothesis. SC35 is also intensively expressed in the developing neocortex, primarily in progenitor cells as they pass through the mitotic phase of the cell cycle and express AChE-R. Prolonged overexpression of SC35 and the morphogenic AChE-R protein, 12 as would be the case under prenatal stress, may possibly impair cortical development, compromising cognitive performance. While additional, yet nonidentified, splicing-related proteins are likely involved (eg Tra2-b1), 21 the contribution of SC35 appears to be pivotal for changes in cholinergic neurotransmission.
As a member of the SR protein family, SC35 possesses both an RRM and an RS domain, and affects both splice site selection and alternative splicing.
42 SC35 further promotes splicing events that destabilize its own mRNA, exercising a self-control mechanism that limits its durability. 39 This, in turn, raised the question of how SC35 mRNA maintains its long-lasting high levels in the poststress brain. A plausible explanation is that the balance between SC35 production and SC35 mRNA alternative splicing and/or degradation might be subject to cholinergic regulation. In this case, the increases in SC35 levels would not be due to the cholinergic hyperexcitation, which accompanies the initiation of stress reactions. Rather, its sustainable excess would reciprocally be due to cholinergic down-tuning and prolonged AChE-R excess (as is the case in TgR transgenic mice). Further studies would be required to characterize a wider profile of splicing regulators in the TgR brain and find out if this profile is modified in this animal model.
An additional splicing-related factor that showed a more moderate overexpression was SF2p32, the 32 kDa subunit of the splicing factor ASF/SF2. ASF/ SF2 was also shown to affect both alternative splicing and choice of splice sites. 43 Interestingly, ASF/SF2 also antagonizes SC35 activity in other target sequences. 34, 44 In addition, SF2p32 was shown to inhibit ASF/SF2 activity. 45 Thus, elevation of SF2p32 should reduce ASF/SF2 activity even under conditions of unchanged ASF/SF2 levels such as the poststress PFC, where SF2p32 mRNA was slightly elevated, and ASF/SF2 slightly reduced. Although not significant, these changes are compatible with the assumption of suppressed ASF/SF2 activity under long-term stress responses.
The antagonized ASF/SF2 and SC35 activities lead us to structurally compare between the RRMs of these (Figure 7a ), but not SC35 (Figure 7b ), includes a cluster of four proline residues that are positioned close to each other in the extended region protruding from this RRM domain (Figure 7c, d) . Polyproline segments that are part of RRMs are known in other splicing factors, where they were proposed to serve as protein-protein interaction motifs during spliceosome assembly. 46 Our current study raises the possibility that the proline-rich domain in ASF/SF2 contributes toward the dynamic equilibrium balancing between AChE-R and AChE-S, possibly by facilitating ASF/SF2 interactions with other spliceosomal components. The determining factor is hence SC35 regulation, which by changing SC35 levels may tilt this balance towards overproduction of AChE-R.
The mechanisms by which stress initiates the modifications in the composition of splicing-related proteins and the sustained elevation in SC35 is still unknown; however, neuronal activity modulations are likely involved. 47 Acetylcholine levels are notably elevated under stress, 13 and acetylcholine modulates the activity of neurons responding to other neurotransmitters as well (eg glutamate, GABA 48 ). Therefore, the capacity to downregulate acetylcholine levels throughout the brain by the soluble AChE-R may be important. In contrast, elevated levels of the synapse-adhered AChE-S would only affect cholinergic circuits, creating an imbalanced cholinergic status. That SC35 levels are elevated in TgR, but not TgS mice, may imply that cholinergic imbalances impair this process.
Apart from SC35 and Tra1b, neuronal stress modifies the subcellular localization of the heteronuclear ribonucleoprotein hnRNP A1 through the MAP kinase cascade, thereby changing alternative splicing patterns. 49 This is especially relevant in our case, as the effects of SC35 and hnRNP A1 usually antagonize each other. 35, 50 Other splicing factors, such as SRp30c and ASF/SF2, but not SC35, were shown to be recruited, following cellular stress, to SAM68 nuclear bodies (SNBs). 51 Such recruitment can potentially alleviate competitive interactions of SC35 with its RNA substrates, assisting its function(s). The relocalization of another such protein, hnRNP K, to the cell cytoplasm also depends on the stressactivated ERK MAP-kinase pathway. In activated T lymphocytes, cytoplasmic hnRNP K is involved in the alternative splicing of the transmembrane cell adhesion glycoprotein CD44 by retaining the exon v5 sequence in the mature CD44 mRNA. 52 Normal development of T lymphocytes, which is subject to stress-induced alterations, was shown to depend upon SC35, 42 suggesting that the involvement of SC35 in delayed stress responses extends beyond the nervous system.
Alternative splicing of a growing number of gene products, including AChE, can be found in numerous types of tumors, 53, 54 probably reflecting a general modification of the processing machinery during disease state. 2, 8 SC35 is overexpressed in a variety of transformed murine cells. 55 In humans, SC35 expression is altered under HIV infection 56 and during pregnancy. 57 ASF/SF2 as well is spatio-temporally regulated in the uterine myometrium during pregnancy, 58 perhaps reflecting a more general phenomenon for the regulation, amenable to therapeutic interference, of splicing-related genes during various stresses or under adaptation to altered conditions.
To conclude, we identified SC35 as a likely factor mediating long-lasting alternative splicing of AChE gene expression in prefrontal cortical neurons following repeated stress and demonstrated close association of SC35 with AChE-R in cultured cells as well as in stressed, developing and transgenic animals.
